_ SOCIETY OF PETROLEUM ENGINEERS OF AIME PAPER 
6200 North Central Expressway wuMBER SPE 458 
Dallas, Texas 75206 


— THIS IS A PREPRINT --- SUBJECT TO CORRECTION 


/A Study of Factors Which Influence the Mechanical 
pecociemiees Of Deen “Permattrost 


By 


R. A. Ruedrich and T. K. Perkins, Members AIME, Atlantic Richfield Co. 


© Copyright 1973 
American Institute of Mining, Metallurgical, and Petroleum Engineers, Inc. 


This paper was prepared for the 48th Annual Fall Meeting of the Society of Petroleum 
Engineers of AIME, to be held in Las Vegas, Nev., Sept. 30-Oct. 3, 1973. Permission to copy is 
restricted to an abstract of not more than 300 words. Illustrations may not be copied. The 
abstract should contain conspicuous acknowledgment of where and by whom the paper is presented. 
Publication elsewhere after publication in the JOURNAL OF PETROLEUM TECHNOLOGY or the SOCIETY OF 
PETROLEUM ENGINEERS JOURNAL is usually granted upon request to the Editor of the appropriate 
journal provided agreement to give proper credit is made. 


Discussion of this paper is invited. Three copies of any discussion should be sent to the 
society of Petroleum Engineers office. Such discussion may be presented at the above meeting and, 
with the paper, may be considered for publication in one of the two SPE magazines. 


ABSTRACT These same factors have been shown 
to influence the uniaxial strength of frozen 
Drilling and well completion procedures soil samples. For all frozen samples studied 


in many areas within the Arctic Circle have at a fixed temperature, the logarithm of the 
been greatly influenced by the presence of over maximum uniaxial strength varies linearly 

a thousand feet of permafrost consisting of with the logarithm of the strain rate. Experi- 
layers of gravels, sands, silts, and clays mental techniques were developed so that 
containing permanently frozen ice. creep behavior could be estimated at strain 


rates as low as about 10-9 min.-l. 


In this study it has been shown that the 


shear strength of permafrost can be parti- The elastic and flow behavior of soil 
tioned into a resistance to deformation of ice constituents can be determined with thawed 
in the presence of natural soil constituents, samples provided the soil is brought to the 
and a resistance to deformation of soil proper initial state and provided proper 
constituents under confining stress. boundary conditions are imposed during 
deformation. For granular soils of high 
Studies using a dilatometer have indi- permeability and containing a high percentage 
cated that the following factors affect the of sand, mechanical behavior was independent 
fraction of water which is in the ice phase: of strain rate over the range of low strain 


rates investigated. On the other hand, stress 
level was an important variable. When 


1. Temperature 
a. Pressure compacted, soil samples initially exhibited 
3. Electrolyte concentration elastic behavior. Ultimate strengths were 
i 4. Mineralogy limited by shear failure which was described 
5. State of clay hydration quantitatively by a Mohr envelope. For 
undrained deformation, flow behavior was 
s ices and illustrations at end of paper. significantly influenced by mineralogy. 
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FACTORS WHICH INFLUENCE THE 


MECHANICAL PROPERTIES OF DEEP PERMAFROST 


Samples containing clay and weak soil con- 
stituents generated high pore pressures during 
deformation, thus lowering net soil stresses 
and resulting in low overall shear strengths. 
The amount of pore volume drainage was an 
important variable. 


Tests of samples frozen under stress 
confirmed that the total resistance to deforma- 
tion could be calculated by adding the resist- 
ance to deformation of the ice phase in the 
“presence of soil constituents and the elastic 
and flow resistance of the soil matrix. 


INTRODUCTION 


The discovery of commercial quantities 
of petroleum in arctic regions has led to 
substantial changes in drilling and completion 
practices. One of the challenges that must 
now be faced by drilling engineers is that of 
dealing with permafrost. At Prudhoe Bay, for 
example, completion procedures will be greatly 
influenced by the presence of nearly 2000 feet 
of permafrost consisting of layers of gravels, 
sands, silts, and clays which are perma- 

- nently frozen. Studies of the thermal 
behavior of wells completed in permafrost, 1-3 
have indicated that some thawing around well- 
bores is generally to be expected during 
drilling and production operations. Other 
studies*» !5 have shown that pressures will 
rise as saturated, thawed regions around a 
The level to which 
external pressures rise will be significantly 
influenced by the elastic and flow behavior of 
the surrounding frozen soil. There area 
number of publications5-13 dealing with the 
mechanical behavior of frozen soils. Much 
of the civil engineering literature deals with 
behavior of shallow permafrost at relatively 
low stress levels. Chamberlain, !4 however, 
has reported behavior at very high stress 
levels which might be of interest for nuclear 
excavation or detection. This paper reports 
a study of the factors which influence the 
mechanical behavior of deep permafrost. 

The influence of these seven factors will be 
discussed: 


wellbore are refrozen. 


Confining stress 

Pore pressure 
Mineralogy 

Electrolyte concentration 
Temperature 

Strain 

Strain rate 
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THE INTERACTION OF ICE AND SOIL 


Since permafrost is a composite 
material, we should expect it to exhibit 
mechanical characteristics similar to its 
constituents, ice and soil. A formal 
approach to ice-soil interaction is enlighten- 
ing. Fig. 1 illustrates a cylindrical element 
of permafrost subjected to a total axial 


stress, Sg, anda total lateral stress, Sg. 


Some fraction of the axial stress, Ogg, is 
carried through the soil matrix, and the 
remainder, Ogi, is carried through the ice 
phase. 


Similarly, the total lateral stress can be 
divided into that portion carried by the soil 
matrix, Og,, anda portion carried through 
the ice phase, Og}. 


The uniaxial strength (i.e., when the sample. 
is loaded along the axis but with no lateral 
force applied) of pure multicrystalline ice 
samples is known! 1! 


to be a function of 
temperature, strain rate, and strain. It 
has been reported in the literature, 16 and 
confirmed in our laboratories up to lateral 
stresses of 1000 psi, that for ice under 
triaxial stress, the difference between axial 
and lateral stress is essentially a function 
only of temperature, strain rate, and strain. 
The small effect on strength of suppression 
of the freezing point by pressure can be 
accounted for by correlating strength with 
temperature measured below the freezing 
point. 16 


- = uniaxial strength of multi- 
crystalline ice, a function only 
of temperature below the 
freezing point, strain rate, and 
strain. 


For permafrost, the uniaxial strength 
must result from the resistance to deforma- 
tion of ice in the presence of the soil matrix. 
For a given lithology, the uniaxial strength | 
of permafrost was shown?’ !1 to be a functi 
of temperature, strain rate, and strain as. 
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The effect of hydrostatic pressure on freezing 
point and on water-soil interaction has been 
shown to be small at pressures up to 1000 psi. 
Uniaxial deformation or deformation of a 
triaxially confined sample would require 
essentially the same deformation history for 
the ice component, and we would, therefore, 
expect the relationship shown by Eq. 4. 


O.,5 = uniaxial strength of a permafrost 
sample, a function only of tem- 
perature below the freezing point, 
strain rate, strain, and lithology. 


Substitution of Eqs. 2 and 4 into Eq. 1 and 
rearrangement yields: Eqs 5; 


(S-S)=0 
a 


The difference between total axial and total 
lateral stresses during deformation of perma- 
frost can thus be viewed as consisting of two 
components. The first component, which is 
time dependent, results from the resistance 
of ice to deformation in the presence of the 
soil matrix and for the range of conditions of 
interest is essentially equal to the uniaxial 
strength of the permafrost sample. This 
contribution to strength will be a function of 
temperature below the freezing point, strain 
rate, strain, and electrolyte concentration and 
will be influenced by the interaction of water 
with clay materials in the soil matrix. 


The second component, which is 
essentially independent of time, results. from 
the resistance of soil to deformation under 
the constraint of the imposed boundary condi- 
tions. This contribution will be independent 
of temperature over the small range of 
temperatures of interest for permafrost and 
will be insensitive to strain rate if loads are 
applied relatively slowly. This strength 
component will be a function of mineralogy 
and lithology, degree of compaction, 
stress level and strain. 


In the following sections of this paper, 
permafrost and soil strengths and tests of 
Eq. 5 are described. 
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EXPERIMENTAL STUDIES OF FACTORS 
THAT INFLUENCE DEEP PERMAFROST 
BEHAVIOR 


Consider first those factors which 
influence the resistance of ice to deformation. 
In natural permafrost, there are a number of 
variables which determine the fraction of 
water which will be frozen at a given tempera- 
ture. 17-30 Two experimental approaches 
utilizing calorimeters and dilatometers for 
investigating these relationships have been 
mentioned in the literature. We have chosen 
to use a dilatometer which will operate at 
pressures up to 1000 psi and which is 
illustrated in Fig. 2. In using this equipment, 
a sample of thawed permafrost is frozen under 
pressure in a heavy walled vessel and cooled 
to a low temperature. The bath temperature 
is then raised in steps while holding the pres- 
sure on the system constant with automatic 
devices. At each selected temperature, 
sufficient time is allowed for the system to 
come to equilibrium. The volume change 
accompanying a change of temperature is 
measured to within 0.0025 cc. The volume 
change of the vessel and fluid (determined 
from a previous calibration) is subtracted 
from the total change of volume to yield the 
volume change of the permafrost sample. 

The permafrost volume change is corrected 
slightly for thermal expansion of permafrost 
components to yield the change of volume due 
to phase change. After subsequent analysis 
of the total water content, volume changes 
resulting from the phase change were 
converted into pounds of unfrozen water per 
pound of soil solid as a function of tempera- 
ture. These studies indicated that the 
following factors affect the fraction of water 
which is in the ice phase: 


Temperature 

Pressure 

Electrolyte concentration 
Mineralogy 

State of clay hydration 


Preliminary studies showed that soil 
samples which had been dried but then recon- 
stituted with water showed a smaller amount 
of unfrozen water than equivalent samples 
which had never been dried. All subsequent 
studies were conducted with preserved and 
fully hydrated soil samples. 


FACTORS WHICH INFLUENCE THE 
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Pressure suppresses the freezing 
point of water and also has a detectable effect 
on water-soil interaction as has been sug- 
gestea in the literature. 18 The effect of 
pressure is illustrated on Figs. 3 and 4. 


Analysis of a core taken through the 
permafrost at Prudhoe Bay has shown salt 
contents of the formation water varying from 
a few tenths of a percent to as high as 2.5 per- 
cent near the bottom of the permafrost. As 
water is converted into ice, the electrolyte 
remains in the liquid phase, thus concentrating 
and lowering the freezing point of the brine. 
Fig. 3 compares the electrolyte concentration 
effect for an ''as received'' sample containing 
0.97 percent NaCl with the behavior of a 
leached sample containing approximately 
0.12 percent NaCl. 


One of the more important factors 
influencing unfrozen water content is the 
amount of clay or fine material present. It 
is likely that water interacts with clay 
surfaces to partially orient the water mole- 
cules. There will also be a capillary pres- 
sure effect in fine grain soils. 30 As the 
temperature changes, bound water will not 
exhibit a volume change that would be expected 
for unbound water. The water associated with 
soil constituents has been calculated from the 
dilatometer data. Values for fully hydrated 
samples of near-surface Prudhoe Bay 
permafrost soil and a typical drilling mud are 
shown on Fig. 4. Silt samples containing 
between 10 percent and 15 percent clays 
exhibited more bound water than sand and 
silty sand samples containing less than 5 per- 
cent clays. These values for associated 
water are of the same order of magnitude as 
values previously reported in the literature 
and which were obtained at low pressure. 


The combined effects of porosity, 
pressure, salinity, and lithology on in situ 
ice content have been estimated for Prudhoe 
Bay and are shown in Table 1. 


High Strain Rate Uniaxial Compression 
Tests 


Factors which influence the maximum 
uniaxial compressive strength of recompacted, 


saturated permafrost samples are: 


1. Temperature 
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Strain rate 
Salinity 
Lithology 
Mineralogy 


QO PW WN 


Three types of natural permafrost 
soils from Prudhoe Bay have been selected | 
for investigation. Tables 2 and 3 give particle 
size distribution, density, mineralogy, and 
natural salinity. A sample preparation 
procedure was utilized which has been 
described previously. 5 Maximum uniaxial 
strengths are shown on Figs. 5, 6, and 7 for 
a temperature range from 89°F to 28°F and 
for strain rates from 5 x 10-5 min. -! to 
5x 1072 min.~!. The influence of salinity 
has been investigated further by preparing 
samples with interstitial water salinities of 
0, 1, and 2 1/2 percent NaCl. Maximum 
uniaxial strengths of natural sand and silty 
sand samples containing waters of these 
salinities are shown on Figs. 8 and 9 at 
different strain rates and temperatures. 


Uniaxial Creep Tests 


When subjected to small shear 
stresses, ice within permafrost can creep at 
very low rates. Over many years, the 
cumulative deflection which can occur at low 
strain rates may be of engineering signifi- 
cance. The experimental study of creep 
presents practical difficulties because of the 
long periods of time required to gather data 
and because of the investment in equipment 
needed for running simultaneous experiments. 


The creep of recompacted natural soil 
samples has been studied using a technique 
previously described.> The sequence of 
stress application has been modified, how- 
ever, so that data can be obtained at lower 
strain rates in a practical amount of time. 

For synthetic sand-ice samples, the empirical 
relationship? between temperature, uniaxial 


stress, strain, and strain rate is given by 
ds 16. 


€ = strain rate, min. =I 
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o = stress, psi 
€ = strain 
€4, = strain at which a minimum strain 
rate is achieved at essentially 
constant axial stress 
A and B = empirical constants which are a 
function of temperature 


To test the validity of this equation for 
natural soil samples, recompacted specimens 
were prepared from Prudhoe Bay soil and were 
tested at various temperatures and at constant 
strain rates over the range 5 x 10-2 min. -! to 
5x 10-5 min.-!. Values of the constants A 
and B were determined from these data. 
Additional permafrost samples were then 
placed in loading frames and were subjected 
to a uniaxial stress sufficient to strain the 
sample about 1 percent at strain rates of about 
10-5 min.-!. These data were fitted to Eq. 6 
to evaluate ¢,,. The axial stress was then 
reduced by one half. Additional deflections 
were measured over a period of several weeks 
so that the strain rate could be established with 
reasonable precision. Subsequently, the axial 
load was increased in a stepwise manner to 
obtain data at intermediate strain rates. 
Results for recompacted natural Prudhoe Bay 
sand samples are shown on Fig. 10. These 
samples behaved in a manner similar to that 
previously reported for sand-ice cylinders. 
The straight line relationship appears to be 
valid to a strain rate as low as 3 x 10-9 min-!. 


Studies of Soil Behavior 


Let us turn our attention now to the 
contribution of the soil matrix to permafrost 
strength. Eq. 5 suggests that this contribution 
can be measured with thawed samples provided 
the soil is brought to the proper initial state 
and provided proper boundary conditions are 
imposed during deformation. 


We have studied the deformation behav- 
ior of thawed samples in a triaxial cell 
arranged for independent control of internal 
pore pressure. Recompacted samples were 
frozen in cylindrical molds and then transferred 
to a precooled triaxial cell. As samples were 
thawed, the pore space was kept saturated by 
injection of fluid. Selected initial stress condi- 
tions were imposed, and subsequently constant 
strain rate deformations were conducted. 

Most deformation experiments on the thawed 
samples were run without the removal or addi- 
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tion of pore liquid, thus giving what is usually 
called undrained deformation. Internal pres- 
sures were recorded continuously with a 
pressure transducer of negligible displace- 
ment. 


The influence of the following factors 
has been considered: 


Strain rate 

Type of soil 

Level of compaction 

Stress level 

Relationship between lateral and 
axial stress 

Amount of pore volume drainage. 


OP WwW NHN = 


Oo 


Vesic has shown that under high stress, 
unconsolidated sands will cease to compact 
after a few hours. Clays, on the other hand, 
may continue to compact for longer periods of 
time. 32 All of the natural soils tested in the 
course of this study contained a high percent- 
age of sand and were of high permeability. 
Preliminary deformations were run at several 
strain rates. Mechanical behavior was found 
to be essentially independent of strain rate 
over the range of low strain rates investigated. 
Subsequent studies were conducted at a con- 
venient strain rate of .00166 min. -!. 


Four types of soil have been studied, 
three natural soils described in Tables 2 and 3 
as well as a 40 to 200 mesh pure quartz sand 
similar to that previously studied by several 
investigators. 


Behavior of Pure Quartz Sand 


Saturated quartz sand samples were 
hydrostatically loaded while maintaining the 
pore pressure about 10 to 15 psi lower than 
the external stress. Subsequently, the cores 
were axially shortened. Data for a typical, ’ 
undrained deformation are shown on Fig. 11. 
The difference between axial and lateral 
stresses was small during the first few percent 
strain, and the internal pressure was rela- 
tively constant. After a few percent strain, 
however, the sand became dilatent and the 
internal pore pressure diminished. As the 
effective normal stress increased, the ability 
to support shear stress increased. As high 
shear stresses developed and with continued 
strain, the pore pressure as well as the 
undrained shear strength of the sample 
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approached relatively constant values. Un- 
drained, deformation behavior at various 
stress levels is shown on Fig. 12. For 
samples prepared ina similar manner, the 
shear strength contribution of ice has pre- 
viously been reported. 5 The algebraic 
addition of strength contributions suggested by 
Eq. 5 has been tested by adding the uniaxial 
strength of frozen sand-ice cylinders to the 
strength values shown on Fig. 12. Fig. 13 
shows that the calculated total resistance to 
deformation is in good agreement with experi- 
mental values which were reported previ- 
ously. 5 


Behavior of Thawed Natural Soils 
Under Stress 


The effect of the initial state of stress 
in natural soils has been investigated. As an 
example of the stress range of interest, 
consider the in situ stresses at Prudhoe Bay. 
Density logs and cores have shown that the 
average vertical stress is about 0. 89 psi/ft. 
The pore fluid pressure gradient just below 
the permafrost is about 0.45 psi/ft, and we 
assume that this was the pore pressure 
gradient at the time of permafrost freezing. 

A total horizontal stress gradient of 0.65 psi/ 
ft, which is typical of unconsolidated granular 
soils, has been estimated. The average total 
stress gradient is thus estimated to be 

(0.89 + 2(0.65))/3 = 0.73 psi/ft. The ratio 
of pore pressure to average total stress is 
estimated to be about (0. 45/0.73) <= 0.6. 


Samples of natural soils were prepared 
using the following procedure: 


1. Recompacted samples were 
saturated and frozen in cylindrical molds with 
no confining stress. 


2. Frozen samples were loaded into 
the triaxial cell and thawed. Liquid was 
injected at a slight pressure to keep the pore 
space saturated during thawing. 


3. External stresses were increased 
hydrostatically while maintaining internal 
pressures about 10 to 15 psi below the external 
stress. 


4. While maintaining the external 
stress at a desired value, the internal pres- 
sure was cycled between 60 percent and 
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and 99 percent of the external stress. 


5. In some cases, the axial and radial 
stresses were subsequently varied to subject 
the soilto shear. During this treatment the 
average external stress was held constant and 
the pore pressure was held constant at 60 per- 
cent of the average external stress. 


6. After the initialization treatment, 
the core was shortened without addition or 
removal of pore liquid. 


Preliminary experiments have shown 
that soil behavior is quite sensitive to the 
level of compaction. Most of the compaction 
effect is achieved upon the application of the 
first cycle of compaction stress. A slight 
additional strengthening was detected upon 
application of several additional cycles of 
compaction; we have arbitrarily subjected 
samples to 20 cycles of compaction. No 
additional effect was noted when samples 
were held under compacting stress for 
24 hours before commencing the deformation 
test. Samples which were subjected to shear 
stabilization were somewhat stiffer during an 
initial elastic deformation, but the ultimate 
Data for 


shear strength was unaffected. 
several initial stress levels and for three 


types of soil are shown on Fig. 14. Initial 
stress level is an important variable, but 

all these natural soil samples exhibited about 
the same behavior. 


In a separate set of experiments the 
effect of varying the relationship between 
lateral and axial stresses was studied. After 
subjecting the soil samples to the desired 
initial conditions, three types of experiments 
were run: 


1. The lateral stress was held 
constant while the core was shortened. 


2. The lateral stress was decreased 
by an amount equal to the increase in axial 
stress during shortening. 


3. The lateral stress was decreased 
1/2 of the amount of increase of the axial 
stress during shortening. This experiment 
was thus conducted at constant octahedral 
normal stress. 
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For fixed initial conditions, during shear 
failure of these soil samples the relationship 
between strain and (S, - Sg) was the same for 
each of the three experimental procedures 
described. 


In these undrained tests with natural 
soil, the behavior of internal pore pressure 
was different from that exhibited by pure 
quartz sand which was illustrated on Fig. 11. 
During deformation of natural soils, internal 
pressures rose above their initial values, 
probably because of slipping or crushing of 
soil particles. Fig. 15 shows typical shear 
strengths and internal pressures for a natural 
silty sand sample, a strong quartz sand 
sample, anda 95 percent sand-5 percent clay 
sample. The increase in pore pressure 
exhibited by the natural soil and clay-sand 
mixture led to low net stresses and therefore 
low shear strengths. 


Since total radial, total axial, and pore 
pressure were independently measured, net 
soil stresses could be calculated and plotted 
in the form of Mohr envelopes as illustrated 
on Fig. 16. As the shear stress was initially 
increased, behavior was elastic. For the 
natural soil sample, when the net shear stress 
approached about 200 psi, particle failure or 
slippage occurred, bringing the net stress 
onto the envelope of shear failure. Similar 
experiments with strong quartz sand showed 
elastic behavior which merged into shear 
failure as the envelope of shear failure was 
reached at much higher stress levels. During 
subsequent strain, the Mohr envelope could 
be determined over a broad range by varying 
the lateral stress level. The few experiments 
using samples prepared from 95 percent sand 
and 5 percent clay exhibited behavior similar 
to that shown by the natural soil samples. 


In a separate set of experiments with 
natural soils, the pore pressure was held 
constant during deformation by removing pore 
liquid. During shear failure, the apparent 
angle of internal friction increased with strain, 
reaching 22 degrees at 5 percent strain and 
increasing to 28 degrees at 10 percent strain. 
The difference between axial and lateral 
stresses was increased above those values 
observed for undrained deformations, thus 
confirming that the amount of pore drainage 
is an important variable. 
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Elastic Behavior 


The initial behavior of well compacted 
soil samples appeared to be elastic. Experi- 
ments at constant lateral stress permit the 
direct calculation of Young's modulus. 


Tee ee Ee 
Een cone Mint 


E 

€ 
a 

Young's modulus, psi 

Poisson's ratio 

change in axial stress, psi 

axial strain 

0 if Aog=0 

1 if Aog = -Ao,/2 

2 if Agg = -Ao, 


Moduli measured at constant lateral 
stress were less than 3 x 105 psi but were 
a function of initial mean net stress as has 
been reported by other investigators. 29 
Measured values of Young's moduli are shown 
on! Fig lin 


The volumetric compressibility of ice 
is33 about 7.65 x 10-7? psi-! and that of soil 
constituents is34 about 6 x 10-8 psi-!. The 
elastic modulus, Poisson's ratio, and average 
volumetric compressibility are related by 


Substituting measured values of the modulus 
and calculated average compressibilities into 
Eq. 8 shows that Poisson's ratio for un- 
drained deformations will be essentially 0.5. 
If fluid is expelled from the sample during 
deformation, then the lower values of 
Poisson's ratio often mentioned for rocks 
and soils should be observed. Deformations 
of thawed, undrained samples conducted with 
variable lateral stress have verified the 
consistency of Eq. 7 when using a value of 
Poisson's ratio of 0.5. Ifa free gas phase 
is present, lower values of Poisson's ratio 
would be expected. 


Behavior of Frozen Samples Under 
Triaxial Conditions 


The triaxial cell was operated ina 
different manner so that samples could be 
frozen under stress. After subjecting thawed 
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samples to the desired initial conditions, the NOMENCLATURE 
samples, while under stress, were frozen 
from the bottom. During freezing the internal 
pressure was maintained at 60 percent of the 
external stress by removing excess liquid at 
the top through a heated tube. Experimental 
results for several conditions are shown on 
Fig. 18. Behavior calculated with Eq. 5 is 
shown in this figure to be in good agreement 
with the experimental data. strain 

strain at which a minimum strain 


empirical coefficient, Eq. 6 
empirical exponent, Eq. 6 
volumetric compressibility, psi7 
Young's modulus, psi 
interstitial pore pressure, psi 
total axial stress, psi 

total lateral stress, psi 


1 


rate is achieved at essentially 
constant axial stress 
Poisson's ratio 


CONCLUSIONS 


1. The strength of permafrost can be 
Sinaiauenates min-l 

stress, psi 

axial stress acting through the ice 


partitioned into a resistance to deformation 
of ice in the presence of natural soil constitu- 
ents, which is time dependent, anda resist- 
ance to deformation of soil constituents under phase, psi 
confining stress, which is essentially inde- net axial stress acting through the 
pendent of time. S501) pepSigee” 
lateral stress acting through the ice 
2. The fraction of water which is in phase, psi 
the ice phase is influenced by the temperature, net lateral stress acting through the 
pressure, electrolyte concentration, mineral- soil, psi 
ogy, and state of clay hydration. uniaxial strength of multicrystalline 
ice, psi 
3se/the shear:strength of the.ace in uniaxial strength of a permafrost 
permafrost is influenced by the same variables sample, psi 
mentioned above as well as being a function of 


the strain rate. 
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TABLE 1 - ESTIMATED IN-SITU ICE CONTENT AT PRUDHOE BAY 


Depth In Situ Temperature Average Ice Content 
efeet. or Ib, ice/ cus ft, sou 
200 Leys 20.01 
400 125 16. 89 
600 18.8 11.00 
800 2056 15. 34 
1000 BBS 15. 34 
1200 24.1 20.02 
1400 2). 20. 82 
1600 Dil ee 19. 10 
1800 20-9 8.62 


1900 29.6 0 
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EXPERIMENTAL DATA FROM REFERENCE 5 
TEMPERATURE = 18°F 
STRAIN RATE = 6.67 x 10-4 MIN.—! 
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CALCULATED BEHAVIOR USING EQUATION 5. 
THAWED BEHAVIOR FROM FIGURE 12. 
UNIAXIAL FROZEN STRENGTH FROM REFERENCE 5. 


1500 psi TOTAL LATERAL STRESS 
1000 -: oe ES a 
500 
100 

0 


.02 .04 .06 .08 10 12 -14 
AXIAL STRAIN 


Fig. 13 - Comparison of experimental and calculated behavior of sand-ice samples 
under triaxial conditions. Samples frozen with zero confining stress. 
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